Acetogenium kivui could not be revived or maintained in a sodium-deficient medium (0.2 mM sodium) under H2-dependent conditions, and neither lithium nor potassium replaced the sodium requirement of H2-cultivated cells. Conversely, the revival and maintenance of glucose-cultivated cells did not display a dependency on supplemental sodium. In the absence of growth, formate became a major end product in both sodium-deficient and metabolically impaired H2-grown cultures of A. kivui. Harmaline, a putative inhibitor of Na+/H+ antiporters, uncoupled acetogenesis from H2-dependent growth but was less effective when growth was at the expense of glucose. Significantly, carbon monoxide (CO) stimulated H2-dependent growth of A. kivui but inhibited glucose-dependent growth. Collectively, these findings demonstrate that sodium plays a critical role in the H2-dependent bioenergetics of A. kivui and indicate that autotrophic and heterotrophic cells may utilize dissimilar mechanisms of energy conservation. In contrast to the growth of A. kivui, supplemental sodium was not required for the glucose-, 112-, and CO-dependent growth of Clostridium thermoaceticum.
Methanogens and acetogens utilize similar metabolic mechanisms for the autotrophic fixation of CO2 (6, 19, 34) . Given that sodium is required for methanogenesis (8, (24) (25) (26) 31) and that an Na+/H+ antiporter exists in the acetogen Clostridium thermoaceticum (32) , the potential importance of sodium in energy conservation during acetogenesis has been postulated (8) . In this regard, metal ionophores are potent inhibitors of both growth and the energy-dependent transport of nickel by acetogenic bacteria (21, 35) , and the H2-and CO-dependent formation of acetate by washed cells of CO-cultivated Peptostreptococcus productus is stimulated two-and threefold, respectively, by 10 mM sodium (7) . We report here that H2-dependent acetogenesis and growth by Acetogenium kivui are strictly dependent upon sodium and present evidence which suggests that H2-and glucosecultivated cells utilize dissimilar mechanisms of energy conservation.
MATERIALS AND METHODS
Organism and cultivation. A. kivui ATCC 33488 (18) was cultivated at 55°C in crimp-seal culture tubes (18 by 150 mm) in either sodium-enriched or sodium-deficient defined media (see below). C. thermoaceticum ATCC 39073 (5) was cultivated by the same protocol. Sodium-enriched medium contained the following components (in milligrams per liter): NaHCO3, 5,000; KH2PO4, 500; NaCl, 400; NH4Co, 400; MgCl2 6H2O, 330; CaCl2 2H20, 50; resazurin, 1; nicotinic acid, 0.25; cyanocobalamin, 0.25; p-aminobenzoic acid, 0.25; calcium D-pantothenate, 0.25; thiamine hydrochloride, 0.25; riboflavin, 0.25; lipoic acid, 0.15; folic acid, 0.1; biotin, 0.1; pyridoxal. HCI, 0.05; sodium nitrilotriacetate, 7.5; MnSO4 * H20, 2.5; FeSO4 -7H20, 0.5; Co(NO3)2 -6H20, 0.5; ZnCl2, 0.5; NiCl2 -6H20, 0.25; H2SeO4, 0.25; CuSo4 -5H20, 0.05; AlK(S04)2 -12H20, 0.05; H3BO3, 0.05; Na2MoO4-2H20, 0.05; and Na2WO4 2H20, 0.05. After the media were boiled and cooled, cysteine hydrochloride -H20 (reducer) was added to a final concentration of 0.25 g/liter. Media were subsequently dispensed (7 ml per tube) into culture tubes under C02, and the tubes * Corresponding author.
were crimp sealed and autoclaved. For glucose-grown cultures, glucose was added to a final concentration of 10 mM (unless otherwise indicated) before the medium was autoclaved. For growth at the expense of H2 or CO, culture tubes were pressurized at room temperature to 70 kPa (10 lb/in2) over atmospheric pressure (final total pressure, 171.3 kPa) with 100% H2 or 100% CO, respectively, prior to inoculation.
Sodium-deficient medium was prepared by replacing all sodium salts with potassium salts. As determined by atomic absorption spectrometry, the sodium contents of the sodium-enriched and sodium-deficient media were 103 and 0.2 mM, respectively. The initial pH of the culture media was approximately 6.4. Growth was initiated by injecting approximately 0.5 ml of inoculum into each culture tube. This amount of inoculum yielded an initial biomass concentration of approximately 0.016 and 0.004 mg (dry weight) of cells per ml for glucose-and H2-grown cultures, respectively. Analytical data. Growth was monitored at 660 nm with a Spectronic 501 spectrophotometer (Bausch & Lomb, Inc., Rochester, N.Y.) and cell dry weights were determined as previously described (28 buffer system of Laemmli (17) , and cell extracts for electrophoretic analysis were prepared by lysozyme digestion as previously described (20) .
RESULTS
Differential effects of sodium on the revival and maintenance ofA. kivui. Hydrogen-grown cultures of A. kivui could not be 0.8 A00 revived in sodium-deficient medium (0.2 mM sodium) ( Fig.  1) . Conversely, the revival of glucose-grown cultures was not affected by the absence of supplemental sodium. Furthermore, H2-grown cultures could not be maintained beyond the second transfer in sodium-deficient medium, while sustained passage of both 10 and 0.5 mM glucose-grown cultures in sodium-deficient medium did not significantly influence growth (Fig. 2 ). Since the growth obtained with 0.5 mM glucose was essentially identical to that of H2-grown cultures, the lesser growth obtained with H2 (relative to 10 mM glucose) was not responsible for the differential effects of sodium on glucose-and H2-dependent growth. Furthermore, these responses to sodium by both glucose-and H2-grown cultures were confirmed in triplicate analyses; in all cases, growth at the expense of H2 was strictly dependent upon supplemental sodium, whereas glucose-dependent growth was unaffected by this metal.
Comparative evaluation with C. thermoaceticum. In contrast to A. kivui, glucose-, H2-, and CO-grown cultures of C. thermoaceticum did not display any dependency on supplemental sodium (Table 1 ). Growth at the expense of methanol and syringate was also unaffected by sodium (data not shown).
Specificity Symbols: 0, sodium-enriched medium (essentially identical to the growth obtained with sustained passage in sodium-enriched medium); 0, eighth and third sequential transfers into sodium-deficient medium of glucose-(A and B) and H2-grown cultures (C), respectively. Inocula were from the previous transfer in sodium-deficient glucose (A and B) or H2 medium (C); no growth was observed in the fourth transfer into sodium-deficient H2 medium. (Fig. 3) . A. kivui is homoacetogenic when cultivated at the expense of H2/CO2 (18) . However, in sodium-deficient H2-grown cultures, formate became a major end product in the absence of significant growth (Table 2) , indicating the uncoupling of H2-dependent acetogenesis under sodium-deficient conditions. Formate was not detected in sodium-deficient glucosegrown cultures (see Table 4 ). (Table  4) . Glucose-plus-CO-grown cultures did not grow until after a 5-day lag period during which CO was not consumed and acetate was not formed. Furthermore, sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of cell extracts revealed three protein bands in glucose-plus-CO cultures which were absent in glucose-grown cultures; in contrast, H2-and H2-plus-CO-grown cultures yielded identical protein profiles (data not shown).
DISCUSSION
The mechanism(s) by which acetogenic bacteria couple carbon and energy flow during acetogenesis is not resolved. Substrate-level phosphorylation clearly plays an important role during heterotrophic growth, with ATP being synthesized at this level via glycolysis and acetate kinase (6, 19, 34) . Cell yields of C. thermoaceticum and other acetogens under heterotrophic conditions suggest that some form of electron transport phosphorylation is also utilized (1, 8, 19, 30, 33) . In support of this concept, evidence obtained with C. thermoaceticum and Clostridium formicoaceticum cultivated under heterotrophic conditions has shown that acetogens (i) are rich in both soluble and membranous electron carriers (9, 27, 36); (ii) contain membranous ATPase and other catalysts, which appear to constitute components of an electron transport-coupled energy-conserving system (11) (12) (13) 23) ; and (iii) may utilize Na+/H+ antiporters during acetogenesis (32) . On the basis of these collective observations, a working model has recently been proposed for acetogenic oxidative phosphorylation (12) .
However, little direct evidence has been reported on the mechanism by which autotrophically cultivated acetogens conserve energy. Although some form of electron transport phosphorylation must be anticipated during CO-or H2-dependent acetogenesis, it remains unclear whether heterotrophic and autotrophic acetogenic cells share the same mechanism(s) of energy conservation. In the present study, sodium was essential to the H2-dependent growth of A. kivui. In contrast, growth at the expense of glucose was not as obligately coupled to sodium. These differential requirements for sodium indicate that autotrophic and heterotrophic (14) 0.002 (0.000) 0 (0) 0 (0) Nigericin (14) 0.000 ( cells of A. kivui may utilize dissimilar mechanisms of energy conservation. These results do not exclude the possibility that glucose-cultivated cells do not profit energetically from sodium. Indeed, sodium-enriched glucose-grown cultures displayed a greater capacity to synthesize biomass per unit of acetate formed than did sodium-deficient cultures (Table  4) . However, by virtue of their capacity to grow under sodium-deficient conditions, glucose-cultivated cells appear to also utilize a non-sodium-dependent mechanism of energy conservation during heterotrophic acetogenesis. Sodium has been established as an important ion in the growth of methanogenic bacteria, and an Na+/H+ antiporter has been implicated as an important component during methanogenesis (8, (24) (25) (26) 31 ; V. Muller, C. Winner, and G. Gottschalk, Abstr. Annu. Meet. Am. Soc. Microbiol. 1989, 127, p. 222). Although Na+/H+ antiport has been observed with C. thermoaceticum (32) , this acetogen did not display any response to sodium in the present study. That the growth of C. thermoaceticum was less responsive to sodium suggests that some acetogens may be less influenced by this metal. Alternatively, 0.2 mM sodium (the concentration of sodium in the sodium-deficient medium utilized in this study) may be a growth-supportive concentration for C. thermoaceticum.
Harmaline uncoupled the growth of A. kivui from H2-dependent acetogenesis but did not prevent the growth of glucose-cultivated cells ( Table 4 ), indicating that H2-dependent growth may be more strictly dependent upon Na+ movement (Na+/H+ antiport?) than glucose-dependent growth. That harmaline-treated glucose-grown cultures yielded more acetate per unit biomass, and that no other products were detected in such cultures, further suggests that the movement of Na+ may be essential for optimal conservation of energy but not acetate synthesis per se under heterotrophic conditions. In support of this possibil- (Table 4) . Sustained growth-independent acetogenesis by harmalinetreated H2-grown cultures of A. kivui may facilitate the study of autotrophic acetogenesis in the absence of growth. Heterotrophic acetogenesis may be more closely linked to growth because a more complex sequence of reactions precedes acetate formation (6, 19, 34) . Thus far, we have been unable to demonstrate sustained acetogenesis from glucose in the absence of growth by using either C. thermoaceticum or A. kivui (unpublished data).
The capacity of the acetogen P. productus to synthesize acetate from CO in short-term assays is stimulated by sodium; furthermore, formate becomes a significant product in the absence of supplemental sodium (7) . These findings provided evidence for the involvement of sodium at an unknown point during the reduction of CO2 via the reductive tetrahydrofolate pathway, which precedes the formation of acetate by acetyl coenzyme A synthetase (7, 19, 34) . The results of the present study corroborate the potential involvement of sodium in energy conservation at some point subsequent to the formation of formate because the H2-dependent synthesis of formate was concomitant with the uncoupling of acetogenesis in the absence of supplemental sodium. That sodium affects substrate consumption and product formation under autotrophic conditions also implies that sodium may influence interspecies reductant transfer if sodium-dependent acetogens were syntrophic partners (3, 19) .
Carbon monoxide had a differential effect on glucose-and H2-grown cultures of A. kivui. In earlier studies, CO was shown to have regulatory effects on the expression of hydrogenase by C. thermoaceticum (4, 14, 15, 22 
